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Latex-based colloidal crystals have been grown by electrophoretic deposition. The deposition
has been assisted by hydrodynamic von Ka´rma´n-like flows, which lead to quantitative
improvements. It has been studied the influence of applied voltage, deposition time and flow
rate on the number of deposited layers and on the mean domain size. The samples were studied
with microscopy and precision weight measurement. It has been found that there is a critical
time after which the deposition mechanism changes, and the behavior of the system before and
after this critical time is considered. The mean domain size and the deposition time were
reduced to non-dimensional forms which show the collapse of the data for different applied
voltages and flow rates into one curve. C© 2006 Springer Science + Business Media, Inc.
1. Introduction
As an analogy to the ordered structures of atoms, colloidal
crystals (CCs) are compact arrays of colloidal particles
whose structures show periodicity in the length scale of
the particles diameter. In one layer the colloids are ordered
in a close packed arrangement, where each sphere touches
six others, in order to minimize the interactions among the
particles. These close packed layers stack themselves to
form a three dimensional colloidal crystal [1, 2, 3].
In the last decades, several techniques of arrangement
have been used to prepare colloidal crystals. Gravitational
sedimentation [4, 5, 6], electrostatic immobilization [7],
colloidal crystal templating [8], vertical deposition [9,
10, 11], shear alignment [12], oscillatory shear [13] or
electrophoresis [14, 15, 16, 17] are some examples. The
techniques which lead to more perfect structures base their
success on the fact of having more than one privileged
direction. The primary direction is perpendicular to the
substrate, while the secondary ones promote the ordered
arrangement of the colloidal particles.
In this paper, a novel method of arrangement is stud-
ied, which not only reduces the formation of defects but
also decreases the time of deposition. The technique con-
sists on an electrophoretic deposition assisted by hydro-
dynamic von Ka´rma´n-like flows [18]. The von Ka´rma´n
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flow is the one induced by an infinite rotating disk, where
the fluid far from the disk is not moving. This kind of
flow was generalized to the one induced by two disks, one
rotating and the other at rest, which consists on having
the fluid inside the system rotating with constant angu-
lar velocity and having boundary layers on both disks.
This is resembling the case of the flow we are inducing
with our experimental set up, which enters to the general
denomination of von Ka´rma´n-like flow.
Colloidal crystals could be used as templates to prepare
photonic crystals [19, 20, 21, 22, 23, 24, 25], as well as
to make efficient filtration membranes, new sensors [26]
among other devices [20, 27, 28].
2. Experimental section
2.1. Substrates and material
Aqueous dispersions of monodisperse polystyrene
(mass/volume fraction of 10%) latex spheres of
(975 ± 10) nm diameter, with a surface charge density
of (18.2 ± 0.3) µC/cm2 due to sulphate groups were pro-
vided by Ikerlat Polymers. Aqueous ammonium hydrox-
ide (25% V/V) was provided by Panreac and absolute
ethanol (99.5% V/V) by Oppac. Ultra pure water, with
a 15.2 k · m resistivity, was obtained from a Mili-Q
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Figure 1 Deposition cell sketch.
water system. The substrates were 5 × 5 mm glass slides
with an Indium Tin Oxide (ITO) coating provided by
VisionTek Systems Ltd.
2.2. Experimental system
The colloidal crystals were prepared in the deposition cell
shown in Fig. 1. All electric connections were made of
stainless steel, including the cathode itself. The hydrody-
namic von Ka´rma´n-like flows were generated by rotating
a four-blade disk [18]. Then, we can express the rate of
flow in terms of the disk angular velocity of rotation.
Once the cell was filled with the colloidal dispersion,
voltage is applied by a DC power supply to generate the
electric field required to make the electrophoretic depo-
sition. Once the crystals were prepared, digital images
were obtained with a CCD camera coupled to an optical
microscope Olympus BX50 at 400 magnifying power. By
image analysis long-range order and defects were studied.
More detailed information was obtained from Scanning
Electron Microscopy (SEM) using a microscope Zeiss
DSM 940.
In order to determine the number of deposited lay-
ers, the samples were weighed with a Mettler Toledo
TGA/SDTA 851e balance. The weight of a monolayer
was calculated theoretically (0.017 mg) and, in a previous
study, weights of 8 reference depositions were measured.
In this way, it is possible to obtain the theoretical number
of deposited layers. The number of deposited layers also
was measured from cross-section SEM micrographs. The
agreement of the theoretical and measured values con-
firmed that the colloidal crystal weight is proportional to
the number of layers deposited.
2.3. Electrophoretic deposition
Electrophoretic deposition of polystyrene latex spheres
(PS) from the colloidal dispersion has been made in
an aqueous-ethanolic medium (2:1 ethanol/water) with
pH = 10, adjusted by adding aqueous ammonium hydrox-
ide, and a mass/volume fraction of PS of 0.33% [14].
50 mL of this mixture were introduced into the depo-
sition cell and then the electric field was applied during
the required time. When the colloidal crystal was formed,
a higher voltage was applied during a shorter time (25 V,
5 minutes) to partially coagulate the colloidal crystal ob-
tained. Thus, it is possible to isolate and characterize the
crystal without destroying it.
In order to study different conditions, several experi-
ments were made. First of all the influence of the applied
voltage was studied. All samples were prepared after 4 h
of deposition applying voltages ranged from 2 V to 10 V.
The influence of the deposition time has been also stud-
ied. The samples were prepared under two constant ap-
plied voltages (5 V and 10 V) using deposition times
between 4 h and 16 h.
Each study includes three sets of experiments at 0 rpm,
0.5 rpm and 1 rpm flow rate, denoted as series A, B and
C, respectively.
The latex-based spheres used to grow up the colloidal
crystal are highly negatively charged. Without applying
electric field and at room temperature, natural sedimenta-
tion is avoided by electrostatic repulsion. However, when
an electric field is applied to the colloidal dispersion, the
particles move to the positive electrode accelerating the
process of crystallization. As it has been already men-
tioned, after the colloidal crystallization, the coagulation
of the colloidal crystal is carried out, in order to stabilize
its structure. Applying a higher voltage during a shorter
time makes the spheres closer than their van der Waals
distance, which joins them permanently [29, 30, 31].
3. Results and discussion
3.1. Applied voltage measurements
Optical images and SEM micrographs of the samples top
view show that the colloids are arranged in a close packed
arrangement, where each sphere touches six others in
one layer (see Fig. 2). This close packed arrangement is
Figure 2 SEM micrograph of the top view of one of the samples.
2966
well-known in colloidal crystals [32, 33], since it mini-
mizes the energy in the system. However, the determina-
tion of the samples crystalline structure is not the scope
of this paper [34, 35].
Crystalline quality is one of the most important pa-
rameters to be considered, when using colloidal crystals
in optical applications, since the presence of defects can
have a huge influence on the diffraction properties. The
linear long-range order in the upper layer of the samples
is between 7 and 30 particles, depending on the experi-
mental conditions.
Regarding the type of defects, while the number of
colloidal particle vacancies and dislocations were negli-
gible, planar defects perpendicular to the glass substrate
were observed. They consisted on domain boundaries and
cracks formed during the drying stage. Stacking faults (i.e.
planar defects parallel to the substrate) were not consid-
ered in this study.
According to Petukhov et al. [36], the capillary forces
generated during the drying process destroy the long-
range order and break the crystal into smaller crystal-
lites with slightly different orientations. Because of that,
domains of higher size were expected in the wet col-
loidal crystals. As in many applications is not necessary
to dry the colloidal crystal, it is very useful to consider the
smaller crystallites forming one wet domain as the same
domain. Thus, we will consider two adjacent crystallines
as part of the same domain if their misorientation angle is
smaller than 5◦.
Besides, Jiang et al. [37] have published that the de-
position of metal and the subsequent exposure of films to
the high vacuum of the SEM damages the colloidal crystal
structure and induces it to crack.
The size of the top layer of each domain was determined
and an average size domain was calculated by image pro-
cessing. Fig. 3 shows the average size of domains (N) at
different electric potentials and flow rates. All series show
that the higher voltage is applied, the larger domains are
obtained. Besides, at the same applied voltage, larger do-
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Figure 3 Average size of the domains of the top layer, (N), vs. applied
voltage for a deposition time of 4 h.
mains were obtained at higher flow rates. Increasing either
the applied voltage or the flow rate leads not only to larger
domains but also to more regular ones. It seems that assist-
ing the electrophoresis with hydrodynamic von Ka´rma´n-
like flows leads to important quantitative improvements.
Fig. 3 shows that the size of the domains increases up to
five times at high voltages, when the results from series
A (0 rpm) and C (1 rpm) are compared.
3.2. Influence of the deposition time
3.2.1. Rate of deposition
As it has been already mentioned, the number of layers
was obtained from the weight of the samples. Figs 4 and 5
show the number of layers versus the time of deposition,
at 5 V and 10 V, respectively.
As it can be seen, the number of layers increases with
the time of deposition, as expected, but with two different
rates: the increase is very fast until a critical time, and
then it becomes appreciably smaller. Besides, the critical
time increases as the applied voltage does, (10.5 ± 0.6) h
for 5 V and (12.0 ± 0.5) h for 10 V.
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Figure 4 Number of deposited layers, C, vs. time of deposition at a voltage
of 5 V.
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Figure 5 Number of deposited layers, C, vs. time of deposition at a voltage
of 10 V.
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Thus, there seems to be two different mechanisms in
the electrophoretic deposition process. In the first one, the
colloidal particles were quickly deposited on the substrate
because they were repelled by the negative electrode and
attracted by the positive one, i.e. the substrate. Both the
anode attraction and the cathode repulsion accelerate the
natural sedimentation of the colloidal particles. For higher
times than the critical, the anodic forces are not strong
enough to attract the particles in the solution due to the
screening effects of the colloidal adlayers. From this time,
the deposition results mainly from gravitational forces and
from the repulsion caused to the colloidal particles by the
negative electrode.
Moreover, at the same deposition time, the number of
layers is smaller when the flow rate becomes higher. That
means that assisting the electrophoresis with hydrody-
namic von Ka´rma´n-like flows slows down the deposition
process. The flow defines another privileged direction in
the plane of deposition, and the particles move on the
deposited surface to find a better site to lie. This makes
the deposition process longer, and leads to more perfect
colloidal crystals, reducing the number of defects.
3.2.2. Size of the domains
The effect of introducing von Ka´rma´n-like hydrodynamic
flows in the deposition process on the size of domains has
been studied. The results reveal how the average size of the
domain is constant until a critical time, from which it starts
to decrease. This critical time increases with the applied
voltage, and its value is compatible with the critical time
obtained in the previous subsection. This fact confirms
the change in the mechanism of deposition, the first one
governed by the electrophoretic forces and the second
one by the gravitational ones. When a flow is applied
and the deposition time is lower than the critical, there
is a typical size of domain that increases with the flow
rate, although it is nearly independent of the deposition
time. This typical size of domain and the critical time
have been used to obtain non-dimensional results. Fig. 6
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Figure 6 Non-dimensional average size of domain of the top layer, 〈N〉nd,
vs. non-dimensional time of deposition, tnd. Inset: Average size of domains
in the electrophoretic stage 〈Ne〉 vs. rate of flow (see text).
shows that the reduced mean size of domains depending
on the non-dimensional deposition time follows the same
law regardless of the applied voltage and rate of flow,
confirming the assumption of the different mechanisms in
the deposition.
4. Conclusions
A novel method of electrophoretic colloidal crystalliza-
tion assisted by von Ka´rma´n-like hydrodynamic flows has
been studied. The experimental parameters were the de-
position time, the rate of flow and the applied voltage.
Colloidal crystals with a thickness from 1 to 40 layers
were deposited and have been found to consist of mono
crystalline domains up to 104 µm2 in size. These domains
exhibit a hexagonally close packing at the top layer. The
main defects observed in the samples were grain bound-
aries and cracks formed in the drying stage.
It was proved that assisting the electrophoretic depo-
sition by von Ka´rma´n-like hydrodynamic flows does not
introduce qualitative changes in the process but leads to
quantitative improvements such as a higher domain size
and a smaller number of defects. The introduction of an-
other privileged direction slows down the electrophoresis
process. It has also been observed that the domain size,
the order and the number of defects clearly depend on the
applied voltage and the flow rate, and are independent of
the deposition time. The electrophoretic deposition has
a critical time, from which not only the rate of deposi-
tion slows down and becomes independent of the flow
rate, but also the order decreases. This saturation time
increases with the applied voltage, and reveals a change
in the mechanism of the deposition. Moreover, the hydro-
dynamic flow slows down the electrophoretic deposition,
which contributes to obtain more perfect colloidal crystals
and a characteristic size of domain.
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